In the larval zebrafish, axial skeletal muscles are arranged in layers, with the slow muscle cells forming a single superficial layer and fast muscle cell layers underneath [12, 13] . Whereas synaptic transmission between the caudal primary motoneuron (CaP) and fast muscle cells has been well studied [14] [15] [16] , nothing is known about properties of outputs from other types of PMns or any SMns, and whether motoneuron output properties relate to the intrinsic cellular properties or recruitment pattern of motoneurons. Here we performed in vivo whole-cell recordings of a primary or secondary motoneuron and a connected fast or slow skeletal muscle cell in 5 days post-fertilization (dpf) wild-type larval zebrafish ( Figures 1A-1E ) to examine properties of endplate currents (EPCs) elicited by motoneurons with various input resistances. Green (Alexa Fluor 488) and red (Alexa Fluor 568) fluorescent dyes were used in motoneuron and muscle recording pipettes, respectively, to label recorded cells. The dye-filled motoneuron axon can be traced to ''boutons'' next to muscle cells, indicating axonal terminals and potential motoneuron-muscle connections ( Figure 1B) . Once a motoneuron-muscle cell pair was established, the motoneuron was fired at 1 Hz under current clamp and the evoked EPCs were recorded from the muscle cell under voltage clamp to determine baseline EPC properties ( Figures  1C-1H ). PMn-elicited EPCs in fast muscle cells were large and consistent in amplitude (mean, 12.3 ± 3.2 nA; coefficient of variation, 0.10 ± 0.05; n = 8 pairs), reflecting strong and reliable synaptic transmission between PMns and fast muscle cells. SMn-elicited EPCs in fast muscle cells were smaller and more variable in amplitude compared with PMn-evoked EPCs (mean, 2.3 ± 1.8 nA; coefficient of variation, 0.80 ± 0.75; n = 40 pairs). SMn-elicited EPCs in slow muscle cells were even smaller and more variable (mean, 241.3 ± 46.5 pA; coefficient of variation, 1.50 ± 0.21; n = 4 pairs). Whereas PMn firing at 1 Hz always Current Biology 27, 415-422, February 6, 2017 ª 2016 Elsevier Ltd. 415 generated an EPC in the connected fast muscle cell (mean reliability, 100% ± 0%; n = 8), firing an action potential in the SMn occasionally failed to generate EPCs in the connected fast muscle cell and frequently in the connected slow muscle cell (mean reliability: SMn-fast muscle, 83.5% ± 24.8%, n = 40; SMn-slow muscle, 34.2% ± 7.4%, n = 4). These data clearly demonstrate that multiple aspects of synaptic output (strength and reliability) vary within the motoneuron pool and their respective muscle partners.
In Brief
Wang and Brehm show that the strength and activity-dependent plasticity of spinal motoneuron outputs correlate with the input resistance of motoneurons in larval zebrafish. This results in differences in reliability of motoneuron activity eliciting muscle firing and contractions, and provides evidence for peripheral control of locomotion intensity.
SUMMARY
The recruitment of motoneurons during force generation follows a general pattern that has been confirmed across diverse species [1] [2] [3] . Motoneurons are recruited systematically according to synaptic inputs and intrinsic cellular properties and corresponding to movements of different intensities. However, much less is known about the output properties of individual motoneurons and how they affect the translation of motoneuron recruitment to the strength of muscle contractions. In larval zebrafish, spinal motoneurons are recruited in a topographic gradient according to their input resistance (Rin) at different swimming strengths and speeds. Whereas dorsal, lower-Rin primary motoneurons (PMns) are only activated during behaviors that involve strong and fast body bends, more ventral, higher-Rin secondary motoneurons (SMns) are recruited during weaker and slower movements [4] [5] [6] . Here we perform in vivo paired recordings between identified spinal motoneurons and skeletal muscle cells in larval zebrafish. We characterize individual motoneuron outputs to single muscle cells and show that the strength and reliability of motoneuron outputs are inversely correlated with motoneuron Rin. During repetitive high-frequency motoneuron drive, PMn synapses undergo depression, whereas SMn synapses potentiate. We monitor muscle cell contractions elicited by single motoneurons and show that the pattern of motoneuron output strength and plasticity observed in electrophysiological recordings is reflected in muscle shortening. Our findings indicate a link between the recruitment pattern and output properties of spinal motoneurons that can together generate appropriate intensities for muscle contractions. We demonstrate that motoneuron output properties provide an additional peripheral mechanism for graded locomotor control at the neuromuscular junction.
RESULTS AND DISCUSSION

Spinal Motoneuron Outputs to Skeletal Muscle Cells Vary in Strength and Reliability
Within the axial motoneuron pool in the zebrafish spinal cord, early-born, large primary motoneurons (PMns) have lower input resistance (Rin) and require larger currents to be recruited; later-born, smaller secondary motoneurons (SMns) have higher Rin and can be activated by smaller input currents [5] [6] [7] [8] [9] [10] . Anatomical studies have shown that PMns and SMns have various axonal projection patterns to skeletal muscles [8, 11] . In the larval zebrafish, axial skeletal muscles are arranged in layers, with the slow muscle cells forming a single superficial layer and fast muscle cell layers underneath [12, 13] . Whereas synaptic transmission between the caudal primary motoneuron (CaP) and fast muscle cells has been well studied [14] [15] [16] , nothing is known about properties of outputs from other types of PMns or any SMns, and whether motoneuron output properties relate to the intrinsic cellular properties or recruitment pattern of motoneurons. Here we performed in vivo whole-cell recordings of a primary or secondary motoneuron and a connected fast or slow skeletal muscle cell in 5 days post-fertilization (dpf) wild-type larval zebrafish ( Figures 1A-1E ) to examine properties of endplate currents (EPCs) elicited by motoneurons with various input resistances.
Green (Alexa Fluor 488) and red (Alexa Fluor 568) fluorescent dyes were used in motoneuron and muscle recording pipettes, respectively, to label recorded cells. The dye-filled motoneuron axon can be traced to ''boutons'' next to muscle cells, indicating axonal terminals and potential motoneuron-muscle connections ( Figure 1B) . Once a motoneuron-muscle cell pair was established, the motoneuron was fired at 1 Hz under current clamp and the evoked EPCs were recorded from the muscle cell under voltage clamp to determine baseline EPC properties ( Figures  1C-1H ). PMn-elicited EPCs in fast muscle cells were large and consistent in amplitude (mean, 12.3 ± 3.2 nA; coefficient of variation, 0.10 ± 0.05; n = 8 pairs), reflecting strong and reliable synaptic transmission between PMns and fast muscle cells. SMn-elicited EPCs in fast muscle cells were smaller and more variable in amplitude compared with PMn-evoked EPCs (mean, 2.3 ± 1.8 nA; coefficient of variation, 0.80 ± 0.75; n = 40 pairs). SMn-elicited EPCs in slow muscle cells were even smaller and more variable (mean, 241.3 ± 46.5 pA; coefficient of variation, 1.50 ± 0.21; n = 4 pairs). Whereas PMn firing at 1 Hz always generated an EPC in the connected fast muscle cell (mean reliability, 100% ± 0%; n = 8), firing an action potential in the SMn occasionally failed to generate EPCs in the connected fast muscle cell and frequently in the connected slow muscle cell (mean reliability: SMn-fast muscle, 83.5% ± 24.8%, n = 40; SMn-slow muscle, 34.2% ± 7.4%, n = 4). These data clearly demonstrate that multiple aspects of synaptic output (strength and reliability) vary within the motoneuron pool and their respective muscle partners.
We then compared the strength and reliability of motoneuron outputs to motoneuron Rin. The strength of motoneuron output was represented by quantal content (mean evoked EPC amplitude divided by mean miniature EPC amplitude) to eliminate the effect of postsynaptic receptor number and recording quality on EPC amplitude. Miniature EPCs represent responses to spontaneous single-vesicle release [18, 19] . A negative correlation was found between both strength and reliability of motoneuron outputs and motoneuron Rin (Figures 1G and 1H ; **p < 0.01 following Spearman's rank test). Outputs from PMns, which had the lowest Rin, to fast muscle cells showed the highest quantal content and reliability, consistent with previously reported data [16] . Outputs from SMns with the highest Rin to slow muscle cells had the smallest quantal content and low reliability. Within the SMn-fast muscle recordings, lower-Rin SMns had larger quantal content and higher reliability than higher-Rin SMns ( Figure S1 ; **p < 0.01 following Spearman's rank test). Together, our findings demonstrate differences in strength and reliability of motoneuron outputs that are inversely related to motoneuron input resistance. Based on the well-established correlation between input resistance and topographic recruitment pattern of spinal motoneurons in larval zebrafish [5] , our findings provide a link between the topographic recruitment and synaptic output properties of motoneurons.
Primary and Secondary Motoneuron Outputs Exhibit
Different Activity-Dependent Short-Term Plasticity Motoneurons can fire at high frequencies during force generation [20] [21] [22] [23] . Short-term synaptic plasticity including both depression and potentiation has been reported at the neuromuscular junction (NMJ) of different species [16, [23] [24] [25] . We next examined whether there is a systematic difference between activitydependent synaptic plasticity at NMJs of motoneurons with different Rins. We monitored the amplitude of evoked EPCs in response to 100 Hz motoneuron firing for 4 s (Figures 2A-2C ). To compare data from multiple recordings, we calculated mean amplitudes of evoked EPCs from 200 ms temporal bins and normalized them to the first bin. PMn-elicited EPCs in fast muscle cells showed an initial distinct decrease in amplitude within the first few EPCs followed by a slight recovery (Figure 2A) , with the first evoked EPC always being the largest. SMn-elicited EPCs in fast muscle cells gradually increased in amplitude and reached a peak at 1.5-2 s; EPCs then gradually declined to amplitudes similar to the original at the end of the 100 Hz stimulation ( Figure 2B ). SMn-elicited EPCs in slow muscle cells continuously increased in amplitude during the 100 Hz stimulation period (Figure 2C) . We compared the mean EPC amplitude of the first bin and the maximum mean EPC amplitude within following bins during 100 Hz stimulation and found no change in EPC amplitude for PMn-elicited EPCs, whereas a significant increase in EPC amplitude was observed for SMn-elicited EPCs in both fast and slow muscle cells ( Figure S2A ). The potentiation ratio calculated by maximum mean EPC over first mean EPC was correlated with motoneuron Rin ( Figure 2D ). The potentiation ratio of EPCs evoked by PMns (lowest Rin) in fast muscle cells was close to 1, meaning no potentiation compared to the initial EPC amplitude. High-Rin SMn-elicited EPCs in slow muscle cells showed more prominent potentiation than EPCs elicited by lower-Rin SMns in fast muscle cells. The potentiation ratio was significantly different between the three groups (**p < 0.01, one-way ANOVA with post hoc Tukey-Kramer test).
In addition to high-frequency firing, motoneurons were fired at 1 Hz for 30 s before (pre) and after (post) the 4 s 100 Hz stimulation to determine the baseline for initial synaptic properties (pre) and to compare recovery after 100 Hz stimulation (post; Figures  2E-2G ). Evoked EPCs were averaged in a 5 s bin and normalized to the first bin of the ''pre'' 1 Hz firing. Comparing the last ''pre'' and first ''post'' 1 Hz bins, PMn-elicited EPCs in fast muscle cells showed a slight decrease in amplitude; in contrast, SMn-elicited EPCs in either fast or slow muscle cells exhibited a significant increase (*p < 0.05, paired t test). EPC amplitude gradually recovered to the original size during the 30 s ''post'' 1 Hz stimulation period. Plotting the potentiation ratio (mean EPC amplitudes of the first ''post'' 1 Hz bin divided by the last ''pre'' 1 Hz bin) against motoneuron Rin showed a similar trend as the potentiation ratio in Figure 2D ( Figure 2H ).
There was no significant difference between miniature EPC amplitudes before and after 100 Hz motoneuron firing in SMnfast muscle recordings, indicating that the potentiation mechanism was presynaptic ( Figure S2B) . Previous studies have shown that multiple mechanisms related to calcium dynamics in the terminals are involved in determining presynaptic plasticity [26] , and an interplay of depression and potentiation can affect the final outcome of short-term plasticity [27, 28] . However, the underlying molecular mechanisms for the plasticity of PMn and SMn outputs in zebrafish are still unknown. Our data show that synaptic outputs from PMns and SMns have different shortterm plasticity in response to high-frequency firing. These data point to the possibility of changes in synaptic strength during different forms of sustained locomotor activity.
Secondary Motoneuron-Elicited EPCs Show Potentiation during Repetitive Natural Firing Patterns that Mimic Swimming
The tail beat frequency of unrestrained larval zebrafish ranges from 20 to 100 Hz during swimming [29, 30] . In the fictive swimming preparation, spinal motoneurons can fire at very high frequencies within a swim burst corresponding to a single body bend (PMn: mean, 617.0 ± 137.8 Hz, n = 16 bursts from two swim bouts elicited by an electrical stimulus at the tail; SMn: mean, 471.3 ± 108.2 Hz, n = 46 bursts from six swim bouts elicited by either a visual or an electrical stimulus). Because motoneurons do not fire at a fixed frequency for multiple seconds during natural swimming activity, we next examined whether there was similar activity-dependent plasticity for evoked EPC amplitudes during natural motoneuron firing patterns recorded during swimming. Template firing patterns during a swim bout were acquired in vivo by whole-cell recordings from spinal motoneurons in the relaxed zebrafish larvae. In these animals, skeletal muscle cells were unable to contract due to the lack of dihydropyridine receptors but synaptic structure and transmission between motoneurons and muscle cells remained normal [31] [32] [33] . The firing template for PMns (template 1) was recorded from a primary motoneuron during a high-frequency swim bout containing three swim bursts in response to a brief electrical stimulus to the tail ( Figure 3A) . The firing template for SMns (template 2) was recorded from a secondary motoneuron during a lower-frequency swim bout containing four swim bursts elicited by ambient illumination change ( Figure 3B ).
Primary and secondary motoneurons were fired by brief current injections with appropriate intervals to generate action potentials with temporal patterns matching template 1 and template 2, respectively; evoked EPCs were recorded in fast muscle cells ( Figures 3C and 3D ). This approach allowed us to examine outputs from a single identified motoneuron during natural firing activity. Template 1 or 2 was fired repetitively in the motoneuron with a 0.5 or 1.5 s interval, mimicking repeated swim bouts, to examine synaptic plasticity of motoneuron outputs during continuous swimming (Figures 3E-3H ). The area of EPC waveforms corresponding to each mimic swim bout (charge transfer) was measured and normalized to the first swim bout area for comparison of multiple recordings. Charge transfer of PMn-elicited EPCs during repetitive firing of template 1 showed a brief initial depression followed by gradual recovery, similar to EPC amplitude change during 100 Hz stimulation ( Figures 3E and  3G) . A non-significant decrease was observed comparing charge transfer of the first and last swim bouts of PMn-elicited EPCs ( Figure S2C ). On the other hand, charge transfer of EPCs evoked by SMn repetitively firing template 2 gradually increased to about twice the original value (Figures 3F and 3H; Figure S2C ).
To ensure that the plasticity seen during repeated template firing was not template specific or related to a specific swim frequency, we applied additional motoneuron firing patterns acquired from swimming to PMns and SMns. Template 2 was applied to PMns to examine PMn output plasticity during low-frequency swimming. Instead of the potentiation seen in SMn outputs, PMn-elicited EPCs depressed gradually during repeated template 2 firing, consistent with the depression observed with PMns firing template 1 ( Figures S3A-S3D ). Five different motoneuron firing patterns acquired from a secondary motoneuron during higher-frequency swimming were applied to SMns in turn, and obvious EPC potentiation was seen for all five patterns ( Figures S3E-S3H ). These results confirmed that depression for PMn outputs and potentiation for SMn outputs were not specific for template 1 or 2 and could occur during low-and high-frequency swimming. Therefore, motoneuron output plasticity for these two classes is independent of swim frequency.
In summary, our data show that the different activity-dependent synaptic plasticity for PMn and SMn outputs also occurs during motoneuron firing patterns associated with continuous natural swimming at different frequencies.
Potentiation of Secondary Motoneuron Outputs Increases the Reliability of Muscle Firing and Contraction
Having established the properties of motoneuron output in primary and secondary motoneurons to fast and slow muscle cells, we examined how these output properties affected the final step of motor output, muscle contraction. In larval zebrafish, both fast and slow muscle cells can contract in response to depolarizing currents [13] , but only fast muscle cells are capable of firing action potentials [34, 35] .
Do variations in strength and activity-dependent plasticity of PMn and SMn outputs actually affect muscle contraction? We first examined the reliability of motoneuron firing eliciting muscle action potentials by performing whole-cell current-clamp recordings on connected motoneuron and muscle cell pairs. In response to 1 Hz motoneuron firing, PMn-elicited endplate potentials (EPPs) were always suprathreshold and evoked a single action potential in the fast muscle cell; however, SMn-elicited EPPs did not reliably elicit action potentials in the fast muscle cell (Figures 4A and 4B ). SMn-elicited EPPs never elicited action potentials in the slow muscle cell, as expected ( Figure 4C ). Whereas the reliability of eliciting fast muscle cell firing was 100% for PMn action potentials, the reliability of suprathreshold SMn-fast muscle transmission varied more and decreased with motoneuron Rin ( Figure 4D ; **p < 0.01 following Spearman's rank test).
We next used natural firing patterns of PMns and SMns (templates 1 and 2, respectively) to examine the voltage response in fast muscle cells (Figures S4A and S4B) . When firing template 1 in PMns and template 2 in SMns repeatedly, the maximum voltage within each mimic swim bout did not change for PMn-elicited EPPs but increased gradually for SMn-elicited EPPs (Figures S4C-S4E) . However, the overlapping EPPs within mimic swim bursts made it difficult to determine whether individual EPPs were suprathreshold. Therefore, we focused on analyzing EPPs evoked by 1 Hz motoneuron firing for 30 s before (pre) and after (post) repetitive template firing ( Figures 4E and 4F) . The effectiveness of motoneuron firing eliciting muscle action potentials was determined by the ratio of motoneuron action potentials versus muscle action potentials for each 5 s bin. PMn firing at 1 Hz, whether it was before or after repetitive template firing, reliably elicited muscle action potentials in the fast muscle cell. SMn firing was less reliable for eliciting muscle action potentials initially. After repetitive template firing, all SMn outputs became suprathreshold, and this 100% reliability for eliciting muscle action potential lasted for at least 15 s.
Finally, we directly measured muscle contractions caused by firing a single motoneuron. For this experiment, wild-type larval zebrafish were decapitated to decrease spontaneous movements, and no chemical treatment was used to disrupt muscle cell contractions. The untreated muscle cells were therefore capable of contracting in response to motoneuron outputs. Whole-cell current-clamp recordings were performed on a spinal motoneuron, and muscle contractions evoked by 1 Hz motoneuron firing for 8 s before (pre) and after (post) repetitive template firing were imaged by high-speed videography (Figures  4G-4J ; Movies S1 and S2). The amount of muscle shortening was quantified by tracking muscle length change during each evoked contraction ( Figure 4H ). PMn firing elicited reliable muscle contractions with a consistent amount of shortening (Figure 4I , Pre), whereas SMn firing elicited muscle contractions with smaller and more variable shortening ( Figure 4J , Pre). We next tested whether there existed activity-dependent plasticity of muscle contraction intensity. After repetitive template firing was applied to motoneurons, the amplitude of PMn-elicited muscle contractions remained the same as initial contractions ( Figure 4I , Post). However, SMn-elicited muscle contractions became more consistent and showed an increase in the amplitude of shortening ( Figure 4J, Post) .
In summary, our data show that the difference in strength and plasticity of primary and secondary motoneuron outputs is reflected in the reliability of motoneuron firing generating muscle action potentials as well as the amplitude of evoked muscle contractions.
Conclusions
In zebrafish, primary motoneurons are only recruited during fast swimming or escape, when the strength and reliability of motor output is critical for survival. The large-amplitude PMn outputs to fast muscle cells, which reliably elicit muscle firing and contraction, match the need for PMn activation. Even with the initial depression in response to high-frequency motoneuron firing, the large PMn outputs are still suprathreshold for generating muscle action potentials. SMns are activated during lower-frequency swimming, which is usually used for navigation or feeding [36] [37] [38] [39] and should allow for more flexibility in motor output strength. The smaller and more variable SMn outputs to fast or slow muscle cells could be used to create this variability in the strength of body bends. Synaptic transmission at most studied neuromuscular junctions in mammals is powerful and has a ''one-to-one'' motoneuron firing to muscle firing translation [40, 41] . However, subthreshold neuromuscular transmission and a correlation between synaptic strength and motor unit size has been reported in some frog muscles [42] , similar to the lack of reliability for SMn firing eliciting vesicle release and fast muscle action potentials in our recordings. The increase in strength and reliability of SMn outputs during and after repetitive swim bouts brings subthreshold SMn outputs suprathreshold, suggesting a strengthening of motor outputs after continuous activity, which might be beneficial for continuous swimming against water currents. Previous data suggested that zebrafish fast muscle cells are polyneuronally innervated by one PMn (E and F) Muscle voltage change in response to 1 Hz, 30 s motoneuron firing before (Pre) and after (Post) repeated template firing. Templates 1 and 2 were used for PMn-fast muscle (E) and SMn-fast muscle (F) paired recordings, respectively. Top: example traces of the first ten muscle voltage responses temporally aligned to the peak of motoneuron action potentials. Bottom: group data for the ratio of motoneuron action potentials able to elicit muscle action potentials (5 s/five event bin; 1, suprathreshold; 0, subthreshold; gray lines, individual recordings; thicker black line with shading, mean ± SD). (G) Experimental preparation for simultaneous patch recording of a motoneuron and video recording of elicited muscle contractions. The red rectangle marks the region for muscle length measurements in (H). (H) Right: the blue and yellow dots mark the two ends of a fast muscle cell at its relaxed and maximally contracted state, respectively, during a PMn-elicited contraction. Left: the time course of muscle length change during the contraction with blue and yellow arrowheads indicating the relaxed state and maximum contraction, respectively. (I and J) The amount of muscle shortening in response to 1 Hz, 8 s motoneuron firing (I, PMn; J, SMn) before (Pre) and after (Post) repeated template firing. Top: example traces of the muscle length time course (n = 8; gray lines) aligned temporally with their averaged waveform (black line). Bottom: group data showing the maximum muscle shortening, normalized to the original muscle length, in response to each motoneuron action potential (gray lines, individual recordings; thicker black line with shading, mean ± SD). See also Figure S4 and Movies S1 and S2. and one to several SMns [11, 43] . Combining the differential recruitment pattern and output strength for PMns and SMns, a single fast muscle cell can potentially contract with a gradient of intensities during swimming activity with different frequencies. Further systematic characterization of how motoneuron output strength correlates with muscle contraction intensity will provide a better understanding of how motoneuron recruitment patterns translate to force generation.
To our knowledge, our study is the first to use in vivo paired whole-cell recording to systematically examine properties of motor outputs from an identified spinal motoneuron to a skeletal muscle cell in vertebrates. Combining electrophysiological recordings of muscle EPCs/EPPs and images of muscle contractions, our study demonstrates differences of output strength and activity-dependent synaptic plasticity for motoneurons with various input resistance. These findings reveal a previously overlooked mechanism for locomotor control at the neuromuscular junction that matches and complements motoneuron recruitment patterns during behaviors with different intensities.
